Abstract-This paper presents a new technique of electrical energy generation using mechanically excited piezoelectric materials and a nonlinear process. This technique, called synchronized switch harvesting (SSH), is derived from the synchronized switch damping (SSD), which is a nonlinear technique previously developed to address the problem of vibration damping on mechanical structures. This technique results in a significant increase of the electromechanical conversion capability of piezoelectric materials. Comparatively with standard technique, the electrical harvested power may be increased above 900%. The performance of the nonlinear processing is demonstrated on structures excited at their resonance frequency as well as out of resonance.
I. Introduction P iezoelectric solid state microgenerators are based on the electromechanical energy conversion taking place in a piezoelectric material. Such a generator usually includes a mechanical device designed to apply a driving stress on piezoelectric elements. The piezoelectric elements acting as the generator are connected together to an electrical network constituting the energy receiver. The alternating voltage on the piezoelectric elements electrodes depends on the mechanical solicitation and on the energy receiver behavior.
Piezoelectric microgenerators comply with durable development requirements, offering an alternative to buttontype battery cells for remote vibrating systems. They offer wireless and lower maintenance. They can supply electrical devices with very low average power requirements (lower than one Watt), such as sensors [1] , [2] , remote control devices [3] , or any device able to accumulate a sufficient amount of energy for an intermittent use under a higher peak power [4] .
Two types of piezoelectric microgenerators can be distinguished: first, generators under quasistatic stress conditions that are excited far lower than their resonance frequency; and second, generators under dynamic stress conditions that are excited near their resonance frequency. Generators under dynamic stress conditions are more effi- cient [5] , and the technique presented here increase their performance significantly.
Electronic devices generally require direct current (DC) supply voltages. For this reason, the alternative voltage delivered by the piezoelectric elements is converted using an alternating current (AC)-to-DC converter. This converter is often simply composed of a diodes rectifier bridge and an output filtering capacitor. But in some more sophisticated systems, the AC-to-DC converter is followed by a DC-to-DC converter used for impedance adaptation or supply voltage regulation [6] , [7] .
The technique proposed herein is an alternative new method for increasing the converted energy flow resulting from a given mechanical loading cycle [8] , [9] . This technique is fully compatible with the standard approach. The so-called standard approach is actually the simplest way to envision a load supply. In the AC voltage case it consists in connecting the load directly with the piezoelectric elements, and in the DC voltage case the load is connected through a rectifier. The proposed technique consists in adding up a nonlinear processing, achieved by an electrical switch device connected to the piezoelectric elements. This nonlinear switching process artificially increases the piezoelectric elements output voltage, resulting in a significant increase of the electrical power flow. The switch device is triggered on the maxima and minima of the displacement, and it briefly realizes the inversion of the voltage through an oscillating process. This device can be self powered. It also can be triggered on the piezoelectric elements voltage itself, then does not need a sensor.
The converted energy strongly depends on the mechanical solicitation and on the global electromechanical coupling factor.
A simple electromechanical modeling of a structure with piezoelectric elements is proposed. The AC and DC output, with and without the proposed nonlinear processing, are developed and compared experimentally and theoretically. In some cases, a significant mechanical damping effect is induced by energy harvesting [10] . This behavior is taken into account by the model.
Experimental results obtained on a cantilever beam with piezoelectric elements bonded on its surface are discussed. They are in good agreement with the given predictions. Both results confirm that the harvested power can be increased above 900% compared to standard technique for a given vibration amplitude of the beam. Clamped permittivity of the piezoelectric disk ε T
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II. Modeling
The considered microgenerator includes a vibrating mechanical structure with bonded piezoelectric elements. If this structure is excited around its resonance frequency and for little displacements for which the movement remains linear, then the structure with piezoelectric elements can be modeled by a {mass+piezo+spring+damper} system such as the one shown in Fig. 1 .
In this simple approach, the considered structure is a rigid mass M bonded on a spring K S corresponding to the stiffness of the mechanical structure, on a damper C corresponding to the mechanical losses of the structure, and on a piezoelectric disk with a thickness L and a section A corresponding to the bonded piezoelectric elements.
The rigid mass M undergoes the action of both external and internal forces. The external force F is the mechanical excitation applied to the structure. The internal force can be separated in a restoring force F P due to the piezoelectric disk, in a restoring force due to the spring, and in a viscous force due to the damper.
The mass displacement is u, I and V are the outgoing current and the voltage on the piezoelectric disk that is connected on the energy harvesting device.
The piezoelectric equations (1) link the mechanical variable (u, F P ) and the electrical ones (I, V ); K P E is the stiffness of the piezoelectric disk when it is short-circuited, C 0 is its clamped capacitance, and α is the force factor:
The equations (2) give the expression of K P E , C 0 , and α as a function of the piezoelectric parameters described in Table I .
The electromechanical coupling factor of the piezoelectric disk is k t (3) and its stiffness when it is short-circuited is K P D (4):
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As the restoring force due to the stiffness of the mechanical structure and the restoring force due to the stiffness of the piezoelectric disk act in the same way on the mass M , a global stiffness for both mechanical structure and piezoelectric disk can be defined (5) when the piezoelectric disk is short circuited (K E ) and open circuited (K D ). The electromechanical coupling factor k corresponding to the global system, including the mechanical structure and the piezoelectric disk, then can be expressed (6) as a function of the force factor α, the clamped capacitance C 0 , and the global stiffness K E . This global coupling factor is, of course, lower than the intrinsic coupling factor k t of the piezoelectric disk.
Expression (7), defining the dynamic equilibrium of the system governs the displacement u of the mass M . The energy equation (8) is obtained by multiplying both terms of (7) by the velocity and integrating over the time variable. The provided energy is divided into kinetic energy, potential elastic energy, mechanical losses, and transferred energy. The transferred energy corresponds to the part of mechanical energy that is converted into electrical energy. It is the sum of the electrostatic energy stored on the piezoelectric disk and the energy absorbed by the connected electrical device (9):
III. Energy Harvesting Device
The aim of this section is to express the harvested power as a function of the electric load supplied by the microgenerator and the different parameters of the model, in the case of a permanent sinusoidal mechanical excitation. In the entire article and, in particular, in this section, the harvested power expressions always correspond to the average power. The electrical harvested power is expressed for standard harvesting devices and for harvesting devices with nonlinear processing.
A. Standard Device
It is considered a so-called piezoelectric energy harvesting device that supplies an electrical network, either directly or through a rectifier and a storage element (capacitor, accumulator). If this supplied electrical network has a linear behavior, it can be represented simply by its input impedance.
In a first approach, we consider a purely resistive load directly connected on the piezoelectric element (Fig. 2) . In this case, the voltage on the load R is alternative. A more representative approach considering real applications consists in including a rectifier followed by a filtering capacitor C r (Fig. 3) . In this case, if the RC r time constant is large compared to the vibration period, the voltage V cc on the load R can be considered as continuous.
AC Standard Device:
The external excitation force F applied to the structure is considered as purely sinusoidal with a frequency closed to the resonance frequency of the structure with the loaded piezoelectric element (the electrical load may induce little shift of the resonance frequency).
Considering the second piezoelectric equation and the resistance of the load, the voltage on the piezoelectric element can be expressed in the frequency domain as a function of the displacement (10) , where ω is the angular frequency.Ṽ
Expression (11) linking force and displacement is obtained using (7) written in the frequency domain and (10):
At resonance, it can be considered that the force F and the speedu are in phase (this is a good approximation for structures with low viscous losses). Expression (11) is then simplified and leads to (12):
Starting from (10), the harvested power can be expressed as a function of the displacement amplitude u m (13):
Using (12), it then is possible to give a general expression of the harvested average power as a function of the external force amplitude F m , the load R, and the various model parameters (14):
For weakly electromechanically coupled structure, the variable α is closed to zero, which leads to a simplified expression of the harvested power (15). In this case the harvested power reaches a maximum P max for an optimal load R opt :
It also can be noticed that, in the case of systems driven out of their own resonance, for which the displacement amplitude remains practically constant whatever the load, and in the case of systems in which the displacement is forced, the power reaches also a maximum for the same optimal load R opt , as it can be obviously derived from (13).
DC Standard Device:
As in the previous case, it is considered a harmonic force F applied to the structure. A rectifier followed by a filtering capacitance C r and the load R are connected to the piezoelectric element (Fig. 3) . The rectifier is assumed to be perfect and the rectified voltage V cc is assumed to be constant, which is a good approximation if the time constant RC r is much larger than the oscillating period of the structure. In these conditions, the average current flowing through the filtering capacitance is null during a half oscillating period. When the piezo voltage V is lower than the rectified voltage V cc , the rectifier is open circuited, then the outgoing piezo current I is null and, therefore, the voltage and the displacement vary proportionally, as shown by (1) . However, when the piezo voltage V reaches V cc , the rectifier conducts and the voltage V is blocked at V cc . The conduction is again cancelled when the displacement u start to decrease. Typical voltage and displacement waveforms are shown in Fig. 4 .
It is considered the electric charge generated by the piezoelectric element during a particular semiperiod (between instant t 1 and t 2 ). This charge is the integral over the time of the current I between t 1 and t 2 and also can be represented by the electric charge that has flown through the load R during the same semiperiod because the average current flowing through C r is null (17). Starting from (17) and considering the second piezoelectric equation (1), the rectified voltage V cc can be expressed as a function of the displacement amplitude u m (18):
It then is considered the energy balance of the structure during the same semiperiod. The provided energy is equal to the sum of the mechanical losses and the energy harvested on the load (19) because there is no variation of the potential elastic energy between instant t 1 and t 2 and the kinetic energy is null at those instants:
At resonance, assuming that the displacement remains sinusoidal, the energy balance (19) can be simplified, and the displacement amplitude u m then can be expressed as a function of the applied force amplitude F m (20): The harvested power can be expressed as a function of the displacement amplitude (21), then, using (20) and (21), it can be expressed as a function of the applied force amplitude F m , the load R, and the various parameters of the model:
For a weakly electromechanically coupled structure, the expression of the harvested power can be simplified and is defined by (22). In this case, the harvested average power reaches a maximum P max for an optimal load R opt (23):
For a structure driven out of its resonance or for a structure in which the displacement is forced, the power reaches a maximum for the same optimal load R opt , as it can be derived from (21).
B. Nonlinear Device
The technique proposed in this paper, called synchronized switch harvesting on inductor (SSHI) consists in adding up a switching device in parallel with the piezoelectric element as shown in Fig. 5 . This device is composed of a switch and an inductance L I connected in series. The switch is almost always open, except when a displacement extremum occurs. At this instant, the switch is closed. The capacitance C 0 of the piezoelectric element and the inductance L I then constitute an oscillator. The switch is kept closed until the voltage on the piezoelectric element has been reversed, as shown in Fig. 6 . It corresponds to a time t i equal to a half period of the oscillator. The lower is the inductance L I , the shorter will be t i . Thus, this technique does not require a high inductance value:
When the switch is open and if no load is connected, the outgoing piezo current I is null, then the voltage V and the displacement u vary proportionally. The voltage inversion is not perfect because a part of the energy stored on the piezoelectric element capacitance is lost in the switching network (transistor + self) and by the high frequency radiation due to the sharp edges of the voltage signal. Therefore, this degrades the quality factor Q I that can be defined for the inversion oscillating network (Fig. 6 ).
This nonlinear processing on the piezoelectric element voltage has two effects: First, the amplitude of the voltage is always increasing, except during the inversion process. Second, the voltage V always has the same sign as the speed (Fig. 5) . It follows from these two points that the transferred energy E t (defined in Table II ) is optimized.
In this simple case, the transferred energy is dissipated into heat by Joule effect and by the high-frequency energy radiation. However, the voltage magnification and the related transferred energy increase are strong arguments for using this approach to supply a load with this particular nonlinear piezoelectric energy harvesting device.
Nonlinear AC Device:
In this case, a resistive load R is directly connected on the piezoelectric element in parallel with the switching device. Typical waveforms of the voltage V and the displacement u are given in Fig. 7 . Except during the inversion process, the differential equation linking the voltage and the displacement is given by (25). The displacement is assumed to remain sinusoidal, which appears to be a valid assumption, even for strongly coupled structure. Expression (25) is solved between instant 0 and T /2, with the boundary conditions defined as (26), which leads to the variation of the voltage between two inversions defined by (27):
Considering the energy balance between instant 0 and T /2, it is pointed out that the energy injected by the driv- ing force during this semiperiod corresponds to the sum of the mechanical losses, the losses due to the switch process, and the harvested energy. The switch-related losses are the difference between the electric potential energy on the piezoelectric element capacitance before and after the switch (28):
Expression (27) shows that the voltage V is equal to the product of a time-dependant function and of the displacement amplitude u m (29):
At the resonance, assuming that the displacement is sinusoidal and using (29), the energy balance represented by (28) can be simplified. This leads to the expression of the displacement amplitude u m as a function of the amplitude of the force F m applied to the structure (30):
The harvested power can be expressed as a function of the displacement amplitude (31), then, using (30) and (31), the harvested power can be expressed as a function of the applied force amplitude F m , the load R, and the various parameters of the structure model:
In the case of either weakly coupled structures, or structures driven out of their resonances, or structures in which the displacement is forced-that corresponds to the case in which the displacement amplitude remains constant with the load for a given applied force-the harvested power reaches a maximum for an optimal load, but it is difficult to give a simple analytical expression for it.
Nonlinear DC Device:
Compared to the standard DC device described in Section III-A, the switching device is added in parallel on the piezoelectric element as shown on Fig. 8 . Typical waveforms of the voltage V and the displacement u are shown in Fig. 9 , assuming that the rectified voltage V cc remains constant.
The electric charge generated by the piezoelectric element between instant t 1 (before inversion) and t 2 (before inversion) is considered. This charge is the integral over the time of the current I between t 1 and t 2 and can be represented by the electric charge that has flown through the load R and through the switching device during the same semiperiod (32). The current flowing through the switch is always null, except during the voltage inversion, just after the instant t 1 , where it is proportional to the voltage time derivative. The electric charge flowing through the switching device then can be calculated (33):
Using (32) and (33), and considering the second equation of the piezoelectric system (1), the rectified voltage V cc can be expressed as a function of the displacement amplitude u m (34): Again, the energy balance during the same semiperiod is considered; and, according to the previous case, the energy injected by the driving force during this semiperiod compensates for the mechanical losses, the losses due to the switch process, and the harvested energy (35):
At the resonance, with the same assumption as that in the AC case, the energy balance equation (35) can be simplified, which leads to the expression of the displacement amplitude u m as a function of the amplitude F m of the force applied to the structure (36):
The harvested power can be expressed as a function of the displacement amplitude (37); then, using (36) and (37), it can be expressed as a function of the applied force amplitude F m , the load R, and the various parameters of the model:
For structures with a weak electromechanical coupling, the expression of the harvested power can be simplified and is defined as in (38). In this case, the harvested power reaches a maximum P max for an optimal load R opt (39). For a structure driven out of its resonance or for a structure in which the displacement is forced, the power reaches a maximum for the same optimal load R opt :
R opt = π
In (39), the maximum of the harvested power appears to be a function of the inversion quality factor Q I . If the condition (40) is satisfied, then the maximum harvested power can be approximated by (41). This means that, for a weakly coupled structure, for structures driven out of their resonances, or for structures in which the displacement is forced, the harvested power is proportional to the inversion quality factor, providing that this factor is large enough. The optimization of this nonlinear technique then induces a maximization of this quality factor Q I :
IV. Theoretical Comparisons of the Different Techniques
In this section, SSHI energy harvesting is compared to the standard technique on a modeling base. Two cases are considered. In the first case, the harvested power is obtained in a configuration in which the vibration amplitude is not affected by the supplied load R, nor by the process applied to the voltage V delivered by the piezoelectric element. This case corresponds to weakly coupled structures, structures driven out of their resonances, or any case with a forced displacement.
In the second case, the structure is excited at the resonance frequency. The driven force is imposed, and due to the damping effect the vibration amplitude is affected as a function of the electromechanical coupling factor. In this case, the energy reclamation is linked to a damping effect that increases with the electromechanical coupling factor.
A. Weakly Coupled Structures
Using (15), (22), (31), and (38), the harvested power can be expressed for each device as a function of the load R, the force amplitude F m , and the parameters of the model.
The case of structures driven out of their resonance frequencies or structures in which the displacement is forced are similar because in each case the displacement amplitude remains constant versus the load R. The harvested power then can be calculated using (13), (21), (31), and (37) that are similar to the previous ones. Fig. 10 shows the variation of the harvested power as a function of the resistive load R for each technique used with the same mechanical structure. The curves corresponding to the SSHI technique are given for an inversion quality factor Q I equal to 2.6, which corresponds to a preliminary experimental setup. The interest of the nonlinear technique is clearly demonstrated, with an output power increase in the DC case greater than 400% compared to the standard technique. The latest experimental setup, using an improved resonator with an inversion quality factor Q I greater than 5, exhibits an output power increase by a factor close to 10. (7). It illustrates the benefit due to the proposed switching technique, showing energy conversion cycle for the considered structure. Piezoelectric generated force αV is directly proportional to the piezoelement voltage. It is plotted as a function of the mass displacement u or piezoelement elongation for a few time periods for various harvesting circuits, with the optimal load of each technique. The transferred energy defined in Table II corresponds to a period to the area A c delimited by the cycles, as it can be derived from (42):
Clearly, the strong voltage magnification and quadrature phase resulting from the SSHI process allows one to extend largely these cycles along the force axis, resulting in an improved energy amount for a given vibration amplitude.
In the case of nonlinear techniques, the transferred energy is hardly greater than the harvested energy because a weak part of this energy is lost during the switch process.
It can be noticed that the energy conversion cycles for for SSHI technique are larger for the DC case than for the AC case, which is a great difference compared to the standard techniques.
It is also interesting to note that the main limitation is due to the inversion quality factor Q I . In the case considered here, it has been limited to 2.6, which corresponds to a preliminary experimental setup. However, a proper choice of the material associated with a correct switch and inversion inductance design could lead to a drastic improvement of the voltage inversion and, therefore, cycle area and harvested energy. In the latest experimental setup, the inversion quality factor is greater than 5.
B. Harvested Energy as a Function of the Global Electromechanical Coefficient
On a structure driven at the resonance frequency, the harvested power can be expressed as a function of the amplitude of the applied force F m , whatever the electromechanical coupling factor. In this case the displacement amplitude does not remain constant, and the amount of extracted energy is strongly related to a structural damping effect.
For a given mechanical structure, the harvested power can be predicted as a function of the piezoelectric material quantity. Indeed, it can be noticed that, if the area of piezoelectric elements is doubled, then the clamped capacitance C 0 is also doubled, as well as the force factor α, provided that the added piezoelectric elements are placed in the same area as the previous ones so they have the same electromechanical effect. If the open-circuit stiffness K D of the structure is not strongly affected by the number of piezoelectric elements, then it yields that the square of the electromechanical coupling factor is also doubled, as shown in (6) . Globally, k 2 is roughly proportional to the area of piezoelement as long as k 2 is much smaller than unity. k 2 is then an image of the piezoelectric material quantity.
Figs. 12 and 13 illustrate the harvested power as a function of both the squared coupling factor k 2 and the load resistance R for the standard DC technique and the SSHI DC technique, respectively. For a given electromechanical coefficient, it can be noticed that, depending on the applied technique and on the electromechanical coefficient, there are either one optimal load or two optimal loads for which the harvested power reaches a maximum.
In order to compare the different techniques, it is interesting to plot the evolution of the maximum harvested power versus the squared electromechanical cou- pling (Fig. 14) . For each technique, the maximum harvested power tends to the same power limit P lim (43), and this limit only depends on the mechanical losses in the structure. In the case of standard techniques, this maximum is reached for a definite coupling factor, and even for a greater coupling factor the harvested power does not increase any more. In the case of nonlinear techniques the harvested power asymptotically tends toward P lim :
For structures driven at their resonance frequencies, nonlinear techniques are very interesting for weakly coupled structures because the harvested power for a low electromechanical coefficient is larger for SSHI techniques than for standard techniques. Therefore, the SSHI technique requires less piezoelectric material for a given harvested power. For example, for the SSHI DC technique, only half of the piezoelectric elements are needed compared to the standard DC technique to harvest 75% of the maximum harvestable power P lim .
The curves plotted here are obtained with an inversion quality factor Q I equal to 2.6, but with a greater factor, the benefit in material quantity is much increased.
V. Experimental Validation

A. Experimental Setup
The experimental test structure is a cantilever beam clamped at one end in a rigid structure, as shown in Fig. 15 . The beam vibrations are driven with an electromagnet that generates a periodic force. The piezoelectric ceramic inserts are bonded on the beam close to the clamped end where the bending radius is a minimum for the first flexural mode. The electromechanical coupling factor of the global structure can be tuned to modify the number of piezoelectric inserts connected in parallel with the energy harvesting device; 68 piezoelectric inserts have been bonded on the beam so that the global squared coupling factor k 2 could vary between 0.1% and 1%. The poling direction of the piezoelectric inserts is perpendicular to the plate, and it is the lateral coupling k 31 which mainly drives the piezoelectric response. It can be noticed that the global coupling factor is far lower than the intrinsic coupling factor of the piezoelectric inserts (in our case k 2 31 ≈ 10%). The measurement of the cantilever free-end displacement is obtained with an inductive proximity sensor.
B. Model Identification
The considered piezoelectric structure is more complex than the simple resonator described in Section II. The various parameters cannot be obtained simply from the properties of the piezoelectric inserts. However, the structure presents all the features of a piezoelectric electromechanical device as defined in Section II. Therefore, its properties can be identified using experimental measurements defined in Table III and equation (44). The identified model then corresponds to the actual setup around the considered resonance frequency that corresponds, in this case, to the first flexural mode:
Numerical data corresponding to the experimental setup when all piezoelectric inserts are connected are summarized in Table IV .
C. Experimental Results and Discussion
Cantilever Beam Driven Out of Resonance:
The driving force generated by the electromagnet is, in this case, tuned out of resonance. The displacement amplitude is almost independent of the supplied load R and the energy harvesting circuit.
A quarter of the piezoelectric elements are connected to the energy harvesting device. The experimental inversion quality factor Q I is 5.6. The driving force amplitude is tuned so that the displacement amplitude of the beam free end u m is 0.4 mm. Experimental results and theoretical predictions using (13), (21), (31), and (37) are plotted in Fig. 16 and exhibit a very good overall agreement. According to the model, the ratio of the maximum harvested power for the nonlinear technique to the maximum harvested power for the standard technique depends only on the inversion quality factor Q I and is independent on the number of piezoelectric elements connected. Practically, a decrease of Q I is experimentally observed when the number of connected piezoelectric elements decreases.
Cantilever Beam Driven at Resonance:
The cantilever beam in this second case is driven at the first flexural bending mode frequency. In these conditions, the displacement amplitude is very sensitive to any damping effect related to a modified energy balance. Therefore, it strongly depends on the connected load R and on the considered energy harvesting strategy. The harvested power is measured for each technique as a function of the resistive load R when all the piezo inserts are connected (k 2 = 0.0092), when a quarter of the inserts are connected (k 2 = 0.0024), when 7.3% of the inserts are connected (k 2 = 0.00072), and when only 2.9% of the inserts are connected (k 2 = 0.00027). The frequency of the exciting force must be tuned for each measurement because the resonance frequency of the structure is affected by the resistive load.
The inversion quality factor also is determined experimentally and is not constant. According to previous comment, it is an increasing function of the amount of connected piezoelements. The clamped capacitance C 0 is also an increasing function of the area of connected piezoelements, and, for few connected elements, the switching device parasitic capacitance becomes no more negligible compared to C 0 , which induces a decrease of the inversion quality factor. The inversion quality factor Q I , therefore, is globally decreasing with the electromechanical coupling factor.
Further work will consist of improving the electronic switching device in order to reduce this parasitic capacitance problem.
Experimental results and theoretical predictions are plotted for the standard DC technique and for the nonlinear DC technique, respectively, in Figs. 17 and 18. The DC supplies are more representative of final applications than the AC ones, but the AC theoretical prediction also appears to be in good agreement with the experimental results.
VI. Conclusions
The recent decrease of the power supply requirements of many electronic devices, consequence of the numerous portable system developments made in the last decade, has spurred a real interest in ambient energy harvesting systems. This kind of portable generator might be included in a wireless system in which it could totally replace bat- teries. In this field, electromechanical systems based on piezoelectricity are of main interest. They are solid state, do not require any maintenance, and are more robust and compact than electromagnetic generators because they do not require any rotating or translating parts.
However, the performance of a piezoelectric microgenerator strongly depends on the electromechanical coupling that is related in particular to the piezoelectric material properties and quantity. The nonlinear SSHI process presented in this paper allows one to strongly enhance the energy-harvesting performance of a given piezoelectric system. It is particularly well adapted to resonant structures with a weak coupling or to structures driven out of resonance. In these cases, for which the induced damping is very low, the proposed SSHI technique exhibits an output power increase by over 900% compared to the same piezoelectric system with a standard harvesting circuit.
With structures driven at the resonance frequency, it is shown that, for any energy harvesting technique, the harvested power tends to the same limit for an increasing electromechanical coupling, and this limit is mainly affected by the mechanical losses of the structure. This is due in particular to the strong damping effect of the SSHI technique, which for a given excitation limits the vibration amplitude. However, for a power lower than this limit, the SSHI technique strongly reduces the required quantity of piezoelectric material comparatively to standard systems, which corresponds in a drastic increase of the global efficiency. The SSHI technique allows the same power enhancement that increasing the global electromechanical coupling associated with the standard technique. It offers a very interesting compromise between harvested power and piezoelectric material quantity. Therefore, for a given power requirement, the global cost of the system, mainly due to the piezoelectric device, is significantly reduced.
A key factor of the SSHI performance is the quality factor Q I of the nonlinear processing circuit. The overall power and efficiency gain is almost proportional to Q I . Current work aims at precisely establishing the experimental limit for this parameter, as well as defining the optimal switch sequence for given transducer and mechanical excitation configuration.
Toward actual energy harvesting systems, a selfpowered version of the electronic nonlinear processing circuit has been successfully developed. Its electrical own consumption is lower than 5% of the harvested power.
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